The condensed phase decomposition reactions of ADN were investigated both experimentally and theoretically. Thermogravimetric-differential thermal analysis coupled with mass spectrometry (TG-DTA-MS) was employed to generate Friedman plots for the thermal decomposition of ADN with the evolution of N2O and N2. The activation energy associated with the evolution of N2O during initial decomposition was found to be 150 kJ/mol. Chemical equilibrium calculations based on the reaction N(NO2)2 , even at the decomposition temperature of 130 °C. Thus, molten ADN was found to contain primarily N(NO2)2 and NH4 + with only minor amounts of liquid HN(NO2)2 and NH3. The reaction ADN → N2O + NH4NO3 was also investigated using ab-initio calculations at the CBS-QB3//B97XD/6-311++G(d,p) level. It was determined that four reaction pathways are possible via different transition states. The energy barrier of 161 kJ/mol obtained from these calculations agreed with the experimental value.
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Introduction
Ammonium dinitramide (ADN) is a promising oxidizer with applications in next-generation solid propellants. It may be an alternative to the ammonium perchlorate oxidizer commonly used in propellants because of its high burning rate and halogen-free combustion products. ADN is an ionic compound with the formula (NH4N(NO2)2) and the structure shown in Fig.  1 , and was first synthesized in 1971 at the Zelinsky Institute of Organic Chemistry in the former Soviet Union. [1] [2] [3] In 1989, ADN was independently produced at the Stanford Research Institute. 4, 5) Over the past four decades, significant research has been conducted to gain an understanding of the combustion wave structure and burning rate characteristics of ADN. Extensive experimental studies [6] [7] [8] and theoretical modeling [9] [10] [11] have been reported over a broad range of operating conditions. Recently, there have been some studies concerning the gas phase reactions and flame structure during ADN combustion, based on elemental reaction mechanism models in the gas phase. 9, 10) The combustion behavior of ADN has been characterized based on studies of the condensed phase reactions at low pressures. 10.11) However, the thermal decomposition and combustion mechanisms of this compound in the condensed phase are still not fully established. To predict the burning rate and pressure sensitivity of ADN, both of which are important parameters for propellant oxidizers, detailed condensed phase reaction mechanisms are required.
The purpose of the present study was to obtain a better understanding of the initial condensed phase decomposition reactions of ADN. To this end, we carried out experimental kinetics analysis using thermogravimetric-differential thermal analysis-mass spectrometry (TG-DTA-MS) as well as theoretical analyses based on ab-initio calculations. 
Experimental
Evolved gas analysis and kinetics analysis
Ammonium dinitramide (ADN) (Hosoya Pyro-Engineering Co., Ltd., Japan) was used as-received without further purification.
TG-DTA-MS instrumentation (Netzsch) was employed for non-isothermal and isothermal outgassing studies. The TG-DTA-MS data were acquired simultaneously to determine the thermal behavior of ADN samples and to identify the gases evolved upon heating. In these trials, samples of approximately 3.0 mg were placed in aluminum pin-hole pans and heated from 30 to 350 °C at rates of 1, 2, 4 or 8 K/min under a continuous purge with 200 mL/min of helium. The number of times of TG-DTA-MS each heating rate was two. The MS was operated in the electron impact ionization mode (70 eV), with selected ion monitoring for m/z = 18, 28, 44 and 46. MS intensity signals were analyzed using a combination of Lord-Kitterberger and Friedman methods 12, 13) to obtain the activation energy for the production of N2O.
Ab-initio calculation
Geometries of the reactants, products and transition states were optimized at the B97XD/6-311++G(d,p) level 15) using the Gaussian 09 package. 14) Transition states (TS) were extensively searched and, when identified, intrinsic reaction coordinate (IRC) calculations were conducted to identify the reactants and products associated with the TS. The energies of corresponding molecules were evaluated at the CBS-QB3 level of theory. 16) ), increases as the endothermic reaction proceeds. The present paper focuses on the evolution of N2O. Oxley et al. showed that the N2O generated during decomposition derives both its nitrogen atoms from the dinitramide portion of ADN (one from the central nitrogen and one from a nitro group) based on thermolysis studies using 15 N-labeled ADN. 18) In the thermolysis of ADN, the resulting nitrate salt is AN, a species that can decompose on its own to form nitrogen (N2) and water (H2O). ADN thus decomposes to form N2O and AN as follows.
Result and Discussion
Evolved gas and kinetics analysis
ADN → N2O + AN (NH4NO3) (1) The TG-DTA-MS data can be used to find the activation energy required to evolve N2O through kinetic analysis. The basic equation for this purpose is
where  is the reaction progress, t is the time interval, k is the reaction rate constant, f() is the reaction model (a function of reaction progress), A is the pre-exponential factor, R is the gas constant and Ea is the activation energy. In this study,  was determined from the N2O MS peak intensity value, I, at various times relative to the total MS intensity value, Itot, as below.
The kinetic procedure applied was based on the differential iso-conversional method of Friedman.
13)
The analysis formula in the Friedman method shown in Eq. (4) is obtained by the rearrangement of Eq. (2).
For a given , the data points obtained by plotting ln(d /dt) as a function of 1/T at different heating rates can be fitted to a straight line, the slope of which gives the activation energy as shown in Fig. 3 . This method permits estimation of Ea without knowing f(). The Freidman method is often used for the analysis of scanning tests in which heating is at a constant rate. This method is based on differential kinetic law and therefore it can be used with results from scanning or isothermal tests. 19) The Freidman approach also permits the prediction of thermal behavior for a system under various conditions, and the dependence of Ea() on  for the generation of N2O from AND decomposition as determined from TG-DTA-MS nonisothermal measurements using the Friedman method is shown in Fig. 4 . The Ea for the N2O evolution reaction has a constant value of approximately 150 kJ mol -1 between  values of 0.3 and 0.6, and so we consider that this represents the Ea for the decomposition of ADN to form N2O. 
The associated equilibrium constant, KADN, was obtained from the following equation.
The temperature dependence of the equilibrium constant is obtained from the following equation.
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where ΔG is the standard Gibbs energy change of the proton transfer, and is calculated to be 65.0 kJ mol -1 using the CBS-QB3//B97XD/6-311++G(d,p) level of theory. On the assumption that G is constant with temperature, the concentrations of the various species were obtained as follows:
where ρADN is the density of ADN (1725 g L -1
) and MADN is the molecular weight of ADN (124 g mol -1 ). Fig. 5 shows the temperature dependence of the � ��� � /� �� � � ratio. It is evident that this ratio increases as the temperature is raised, but only to approximately 3.1 × 10 -6 at the decomposition temperature of 130 °C. Calculations based on chemical equilibrium determined that HDN does not accumulate in molten ADN at either the melting point of 93 °C or the decomposition onset temperature. The results of these calculations show that DN  and NH4 constitute molten ADN. In the gas phase, ADN dissociates to HDN and NH3, following which the HDN decomposes. 10, 11) However, the major species in molten ADN are ions, so the initial state is the primary difference between the gas phase and condensed phase reactions. 
Ab-initio calculation
The decomposition of DN  is the primary candidate for the decomposition reaction that forms N2O, and 
Conclusion
The condensed phase decomposition of ADN, consisting of ADN (l) → N2O (g) + NH4 + (l) + NO3  (l), was investigated both experimentally and theoretically. An experimental thermal study using TG-DTA-MS generated Friedman plots for the thermal decomposition of ADN to evolve N2O and determined that the associated activation energy was 150 kJ/mol. 
